Objective: The effect of GH deficiency (GHD) on the metabolic profile of acromegaly patients is unclear in patients previously treated for acromegaly, as are the efficacy and safety of GH treatment in this particular group. The aim of the study is to describe the characteristics of patients with severe GHD who were previously treated for acromegaly, and to investigate the effects of long-term GH treatment on cardiovascular risk factors and morbidity, compared with patients who were treated for a nonfunctioning pituitary adenoma (NFPA). Design: A nationwide surveillance study. Methods: Sixty-five patients from the Dutch National Registry of Growth Hormone Treatment in Adults with previous acromegaly were compared with 778 patients with previous NFPA. Cardiovascular indices, including body composition, lipid profile, glucose metabolism, blood pressure, and morbidity were investigated. Results: GHD patients with previous acromegaly had an unfavorable metabolic profile comparable with or more than GHD patients with previous NFPA. GH treatment led to improvement of the lipid profile in both groups, also after excluding patients using lipid-lowering medication. In patients with previous acromegaly, HbA1c levels increased more than in patients with previous NFPA (estimate 0.03, 95% CI 0.002-0.06, PZ0.04). The risk for developing cardiovascular diseases was not different between the groups. Conclusions: The patients with GHD after previous acromegaly have an unfavorable metabolic profile comparable with patients with GHD after previous NFPA. In both groups, the lipid profile improves during GH treatment. Changes in glucose metabolism should be monitored closely. GH treatment in patients with GHD previously treated for acromegaly had no deleterious effect on cardiovascular morbidity.
Introduction
Acromegaly is a serious disorder caused by chronic growth hormone (GH) excess and a subsequent hypersecretion of insulin-like growth factor 1 (IGF1), almost always due to a pituitary adenoma (1) . The associations of raised GH and IGF1 concentrations with cardiovascular, cerebrovascular, and metabolic complications are described (2, 3) . Therefore, the clinical and biochemical control of the disease is of crucial importance. A decrease in GH and IGF1 levels depending on the normal age and gender-adjusted range has been reported to lower the risk for cardiovascular diseases (CVD) (3) . Transsphenoidal surgery is the treatment of choice for intrasellar microadenomas, noninvasive macroadenomas, and when the tumor is causing compression symptoms on the surrounding tissues (4, 5) . Surgery or radiotherapy as treatment modalities may be burdened by a great prevalence of pituitary hormone deficiencies, including GH deficiency (GHD) (6) . Ronchi et al. (6) stated that the prevalence of severe GHD is 60% in patients treated for acromegaly by surgery alone or surgery followed by radiotherapy.
GHD in adults is also increasingly recognized as an important (metabolic) syndrome (7) . The associations of low IGF1 levels with cardiovascular risk factors, such as an adverse lipid profile, altered body composition with increased fat mass, and BMI, are reported (7, 8) . Adults with untreated GHD have a decreased life expectancy due to an increased mortality from CVD (9, 10) . Many studies have demonstrated positive effects of GH treatment on these cardiovascular risk factors in adults with GHD (11, 12) , even up to a follow-up of 10 years (13, 14) .
Only a few studies have investigated the characteristics of patients with GHD after treatment for GH hypersecretion and an unfavorable metabolic profile has been suggested (15, 16) . GH treatment has been demonstrated to show improvement in the metabolic parameters in acromegalic patients with GHD (17, 18) . However, contradicting results are also published (19) , and longterm data are lacking. Norrman et al. (20) studied the effect of 2 years of GH treatment in ten patients with GHD, who were previously treated for acromegaly and found more vascular events during follow-up compared with matched patients treated for a nonfunctioning pituitary adenoma (NFPA). Whether the increased rate of vascular events was due to the impaired metabolic profile or other patient characteristics at baseline or due to GH treatment itself could not be defined and safety issues remain unresolved.
The aim of the present study, using data from the Dutch National Registry of GH Treatment in Adults, is to describe the characteristics of patients with severe GHD previously treated for acromegaly, and to study the safety and effects of long-term GH treatment with respect to cardiovascular outcomes, compared with patients with GHD who were treated for a NFPA.
Subjects and methods

Study population
The Dutch National Registry of GH Treatment in Adults was established in 1998 as an initiative of the Ministry of Health to gain insights into long-term efficacy, safety, and costs of GH treatment in The Netherlands. Approval by an independent board of endocrinologists was required for reimbursement of GH treatment by the health insurer, and a registry was linked to this assessment. Severe GHD was defined according to the consensus guidelines of the Growth Hormone Research Society (21) . Up to 2009, a total of 2891 patients were registered. Their characteristics and diagnostic test procedures are described in more detail elsewhere (22) . In this study, patients with severe GHD previously treated for acromegaly (nZ72) or NFPA (nZ887) were selected. The patients were excluded from the analyses if they had received GH treatment or had follow-up data !30 days, resulting in 65 and 778 patients respectively ( Fig. 1 ). Patients lost to follow-up, who died, or stopped GH treatment were censored in the analysis. During GH treatment, 38 patients died (4.5%) (one acromegaly patient (1.5%) and 37 NFPA patients (4.8%)). The reason for discontinuation of GH was related with CVD or the patient's metabolic profile in four of 132 cases in the total group.
Measurements
Data were collected retrospectively from the initiation of GH treatment and subsequently (bi-)annually from medical records by trained monitors. As an internal quality control, in 10% of patients, data were collected twice by different monitors. Person-years of treatment were calculated from the date of starting GH treatment in adulthood (baseline) until the last date of follow-up, discontinuation of GH, or death. The dose of GH treatment was individualized by the attending physician with the common aim of normalizing IGF1 SDSs for age and gender. The use of lipid-lowering, antihypertensive, and antidiabetic medication was recorded at baseline, and during follow-up. Data on cardiovascular risk factors included in our analyses were BMI (kg/m 2 ), waist circumference (cm), and systolic and diastolic blood pressure (mmHg). Measurements of total, HDL, LDL cholesterol, triglycerides (all expressed as mmol/l), and HbA1c levels (%) were conducted locally by routine laboratory techniques. Medical history and adverse events were recorded thoroughly and (at least) coded for cardiac-related diseases (e.g. myocardial infarction, heart failure, and coronary interventions), arrhythmias (e.g. atrial fibrillation, ventricular tachycardia, and bundle branch blocks), peripheral arterial diseases (e.g. atherosclerosis, intermittent claudication, and vascular surgery), stroke, and diabetes mellitus. Date and cause of death were collected through medical records and death certification from the Dutch Central Bureau of Statistics, as described in more detail elsewhere (23) .
Statistical analyses
Categorical data are expressed as number (%) and continuous data as mean (S.D.) or median (interquartile range (IQR)) for skewed variables. Parametric (Student's t-test or c 2 -test) or nonparametric (Mann-Whitney U test) tests were used when appropriate. To estimate changes in the outcome measures over time, linear mixed models (LMMs) were used and time was included in these models as a continuous variable, i.e. the time points were different for each patient. Mixed models use all available data, properly accounting for the correlation between repeated measurements within patients over time. As recommended by Fitzmaurice et al. (24) , we included the baseline values of risk factors in our LMMs as part of the outcome variable, to correctly handle missing baseline values. To study the increase or decrease in effect between the patients with previous acromegaly and NFPA over time, interaction terms between underlying diagnosis and time were introduced in all models. LMMs can handle missing data under the missing at random assumption, which we assumed for our missing data on cardiovascular risk factors. We checked the influence of the difference in available data during follow-up, i.e. with more or less follow-up measurements over time. This was done by first defining a drop-out variable with two categories. One group consisted of patients with followup measurements until less than the median follow-up time of the total group and another group of patients with more follow-up measurements. With this drop-out variable, we were able to test the difference in effect between the patients with previous acromegaly and NFPA that were accordingly defined by the categories of the drop-out variable. This was tested in the LMM by including a three-way-interaction term of underlying diagnosis, time, and the drop-out variable (25) . No significant influence was demonstrated. The assumptions of the LMMs were checked by using residuals plots and by evaluating the residual variance over time. The analyses were carried out unadjusted, and adjusted for age and sex. Sensitivity analyses were carried out to account for the use of concomitant medication during follow-up. A Cox's proportional hazard model was used to evaluate the risk for developing CVD (including fatal and nonfatal cardiac diseases and stroke, arrhythmias, and peripheral arterial disease). Two sided P values of 0.05 or less were considered significant. The statistical analyses were performed by the statistical software package IBM SPSS statistics 20.0 (SPSS, Inc.).
Results
Baseline characteristics
Patients with previous acromegaly were diagnosed with severe GHD based on a GH stimulation test in 94% of the cases (52.5% insulin tolerance test, 24.6% GHRH/arginin test, and 22.9% other) and 90% in NFPA. In four cases (all NFPA), the diagnostic test was unknown. The remaining cases from both groups were diagnosed based on an IGF1 concentration %2 S.D. for age and sex in combination with multiple pituitary hormone deficiencies. The
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Registered GHD adults in The Netherlands n=2891 Figure 1 Design of study sample. GHD, growth hormone deficiency.
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Clinical Study C C van Bunderen and others GH treatment after previous acromegaly 171: 6 719 www.eje-online.org patients' characteristics of both groups are given in Table 1 . The patients with previous acromegaly included more women, more patients with isolated GHD, and more patients who received cranial radiotherapy. The time between the treatment of the pituitary adenoma and start of GH treatment was longer in patients with previous acromegaly than previous NFPA. The metabolic profile in both groups are given in Table 2 ; waist circumference in men, diastolic blood pressure, and LDL cholesterol were significantly higher in previous acromegaly patients compared with patients with previous NFPA. In patients with a previous NFPA, a higher Hb1Ac was found. The use of lipid-lowering medication was equally divided between the groups (15.6 vs 16.3%, PZ0.90) and previous acromegaly patients tended to use more antihypertensive medication (35.9 vs 25.8%, PZ0.08).
Long-term follow-up
The median follow-up for patients previously treated for acromegaly was 3.1 year (IQR 6.4), corresponding with 280 treatment-years. In patients previously treated for NFPA, the median follow-up was 5.2 year (IQR 6.6), which reflects 4391 treatment-years. GH dose, gender and use of oral estrogens, was not significantly different between the groups (0.28 mg vs 0.27 mg/day). During follow-up, the use of lipid-lowering medication was equally divided between groups (34.4 vs 35.7%), as was the use of antihypertensive medication (50 vs 44.3%); however, the duration of follow-up differed. 
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Clinical Study C C van Bunderen and others GH treatment after previous acromegaly 171: 6 Effect of long-term GH treatment on cardiovascular risk factors Table 3 gives the estimates of change in the different cardiovascular risk factors during GH treatment for both patients with previous acromegaly and NFPA and the estimated difference between both groups. In patients with previous NFPA, an increase in waist circumference and a positive effect of GH treatment on diastolic blood pressure and lipid profile were observed. In patients with previous acromegaly, the decrease in diastolic blood pressure, total cholesterol, and LDL cholesterol was shown to be significanct. The decrease in LDL cholesterol was significantly more pronounced in patients with previous acromegaly than in patients with previous NFPA. Adjusting for age and sex did not significantly change these outcomes. Exclusion of patients on antihypertensive medication resulted in loss of the encountered positive effect on blood pressure. After excluding patients who use lipid-lowering medication, the positive effect of GH treatment on the lipid profile remained significant in both groups. However, the difference in effect on the lipid profile between the two groups was no longer significant. After excluding patients on antidiabetic medication, the difference in increases of HbA1c levels between the groups became significant, showing higher elevations in patients with previous acromegaly (estimate 0.03, 95% CI 0.002-0.06, PZ0.04).
Effect of long-term GH treatment on cardiovascular mortality and morbidity
CVD was the cause of death in one patient with previous acromegaly (50-year-old men with hypertension and angina pectoris diagnosed before start of GH treatment died from ischemic heart disease 3.8 years after start of GH therapy), and in 11 patients with previous NFPA (age range: 53-77 year, six cases of stroke and five of CVD, ranging from 0.4 to 9.9 years after start of GH therapy). After excluding patients with a positive medical history for CVD (nZ167), or unknown data on adverse events (nZ2), two patients with previous acromegaly (3.8%) and 69 patients with previous NFPA (11.3%) developed CVD (including fatal and nonfatal cardiac diseases and stroke, arrhythmias, and peripheral arterial disease). The risk of CVD was not significantly different for patients with previous acromegaly compared with previous NFPA during GH treatment (hazard ratio 0.44 (95% CI 0.11-1.81), PZ0.26). In the group of patients with previous acromegaly, one patient (1.7%) had developed stroke (in combination with atrial fibrillation) compared with 37 (5.2%) patients with previous NFPA. The patient with stroke and previous acromegaly had received cranial radiotherapy in the past, as did 29 of the 37 patients with stroke and previous NFPA. No patient with previous acromegaly developed diabetes mellitus, compared with 50 patients (7.2%) with previous NFPA.
Discussion
Both GH hypersecretion and GHD have been reported to be associated with increased cardiovascular morbidity and mortality. Treatment of acromegaly demonstrated to reduce this elevated risk. In this observational study, we describe the characteristics of patients with severe GHD who were previously treated for acromegaly and studied the safety and effect of long-term GH treatment on cardiovascular risk factors and morbidity, compared 
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Clinical Study C C van Bunderen and others GH treatment after previous acromegaly 171: 6 with GHD patients treated for a NFPA. At baseline, GHD patients with previous acromegaly had an unfavorable metabolic profile, comparable to or worse than GHD patients who were previously treated for NFPA. However, HbA1c level was significantly higher in GHD patients treated for NFPA. GH treatment led to a significant improvement in the lipid profile in both groups, even after excluding patients using lipid-lowering medication. After excluding patients using antidiabetic medication, in patients with previous acromegaly HbA1c level increased significantly more than in patients with previous NFPA. GH treatment in patients who were previously treated for acromegaly demonstrated no deleterious effect on cardiovascular morbidity.
To date, ten studies (Table 4 ) investigated the characteristics of GHD and/or the effect of GH treatment on cardiovascular outcome measures in GHD patients after treatment for acromegaly (6, 15, 16, 17, 18, 19, 20, 26, 27, 28) . In three studies, patients who were GH sufficient after treatment for acromegaly or active acromegaly were used as controls. These studies demonstrated that GHD after treatment for acromegaly is associated with a more impaired metabolic profile (15, 16, 27) . Studies using GHD of other etiologies or after treatment for a NFPA as comparator demonstrated no differences in clinical presentation (6, 17, 26) . However, Norrman et al. (20) reported higher LDL cholesterol in GHD after treatment for acromegaly, and Tritos et al. (28) reported lower total and LDL cholesterol and a higher waist circumference, compared with patients with previous NFPA. In an observational (KIMS) study on GH replacement, a higher prevalence of stroke was reported at baseline; however, the group with previous acromegaly harbored more subjects who received cranial radiotherapy in the past (26) . Six studies investigated the effect of GH treatment in GHD after acromegaly (17, 18, 19, 20, 26, 28) , with only one randomized placebo-controlled trial (18) . Positive effects of GH treatment on body composition and lipid profile have been reported (17, 18, 20, 28) . The study by both van der Klaauw et al. (19) and the Pfizer-owned KIMS database (26) demonstrated no significant effect on cardiovascular risk factors after 6 and 12 months. When the effect of GH treatment was compared with GHD due to a collection of other etiologies or NFPA, a similar (positive) effect was found (17, 20, 26, 28) . Norrman et al. (20) described a higher number of vascular events during the 2 years of follow-up compared with patients with a previous NFPA (3 vs 0). Tritos et al. (28) did not find a difference in the incidence of CVD between patients with previous acromegaly and NFPA. However, they found an increased standardized mortality ratio (SMR) for cardiovascular mortality rate in patients with previous acromegaly compared with patients with previous NFPA and with the general population. The other two comparative studies investigating GH treatment in patients treated for acromegaly did not show a higher incidence of cardiovascular events compared with GH treatment in other etiologies of GHD (17, 26) .
This study observed some differences between patients with previous acromegaly and NFPA at baseline. The group of patients with previous acromegaly contained more women. NFPA is known to be more prevalent in men (29) , but 58.5% women with previous acromegaly is rather high, to our opinion, as the prevalence of acromegaly has been reported to be equally divided between men and women (1, 30) . However, also the observational studies from the KIMS Study Group included more women with previous acromegaly (26, 28) . Perhaps women are more vulnerable for GHD after treatment of acromegaly and are therefore more often included in observational studies on GH treatment. Next, there was a striking difference in time between treatment of the pituitary tumor and start of GH between the two groups. The delay in diagnosing GHD after treatment for the pituitary tumor is probably overestimated due to the actual year of treatment, which was 1987 for patients with acromegaly and 1996 for patients with a NFPA (data not shown), and the fact that diagnosing and treating GHD became a clinical practice in The Netherlands after 1995 (22) . However, a difference in the duration of untreated GHD can not be ruled out. This could have affected the differences in metabolic parameters as observed at baseline. Patients with previous acromegaly exhibited a worse metabolic profile with respect to waist circumference in men, diastolic blood pressure, and LDL cholesterol. Active acromegaly is also known for an increased prevalence of cardiovascular risk factors, including hypertension, compared with healthy controls (3) . The reported data on lipids in acromegaly are controversial (30) . Decreased levels of total, LDL, and HDL cholesterol are reported (3) . Similar to the study by Norrman et al. (20) , we found higher levels of LDL cholesterol in patients with previous acromegaly compared with previous NFPA. Perhaps this is an effect of the untreated GHD mentioned earlier. At baseline, our group of patients with GHD after acromegaly exhibited lower HbA1c levels and less diabetes mellitus. This is unexpected because active acromegaly is related with insulin resistance and diabetes mellitus is more prevalent in patients with active acromegaly than in the general population (3) . Selection bias in our cohort might be the (31) . More stroke tended to occur in patients previously treated for acromegaly (PZ0.10). However, this group had received more cranial radiotherapy which could lead to radiationinduced angiopathy (32) . Previously, cranial radiotherapy is demonstrated to be a predictor for cerebrovascular mortality in hypopituitary patients (33) . During follow-up, despite an increase in waist circumference (especially in previous NFPA), the positive effect of GH treatment on lipid profile was evident in both groups. These positive effects of long-term GH treatment in all GHD patients on lipid profile have been demonstrated before, except for triglycerides for which results remain inconclusive (34, 35) , also in patients with GHD after acromegaly positive effects have been reported (17, 20, 28) . However, most studies do not or are unable to take into account the use of lipid-lowering medication. After excluding patients using lipid-lowering medication in our study, the positive effect on lipid profile remained significant. There was no difference in effect between patients with previous acromegaly or NFPA. After excluding patients using antidiabetic medications, there was a difference in changes in HbA1c level over time. HbA1c level in patients with previous acromegaly seemed to increase more than in patients with previous NFPA. Both acromegaly and GH treatment are described to induce insulin resistance (11, 30) . After treatment for acromegaly, the characteristic of insulin insensitive state for active acromegaly obviously does not recover, suggesting either a persistently increased pancreatic islet b-cell mass and/or peripheral insulin resistance (30, 36, 37) . This might have primed patients with previous acromegaly for a steeper increase in HbA1c levels during GH treatment than patients with previous NFPA. After excluding patients using antihypertensive medication, the positive effect on (diastolic) blood pressure disappeared. A positive effect of GH treatment on blood pressure in both groups does not seem compelling.
During follow-up of patients with previous acromegaly, no increased risk for developing fatal or nonfatal CVD was observed. Norrman et al. (20) were the first to raise questions about safety of GH treatment in patients previously treated for acromegaly. They described three vascular events during a 2-year follow-up period of ten patients with previous acromegaly while no events in patients with previous NFPA were recorded. Two of the three events were cerebrovascular infarctions 2 and 3 weeks after start of GH treatment and both patients had received cranial radiotherapy. However, whether the increased rate of vascular events was due to the impaired metabolic profile or other patient characteristics at baseline or due to GH treatment itself could not be addressed properly due to the small study population and relatively short follow-up in that study. Thereafter, this safety concern is restated by others, but could not be verified or retested (17, 18) . Recently, Tritos et al. (28) have found a comparable safety profile in patients with previous acromegaly and NFPA, with the exception of an elevated cardiovascular mortality rate. Taking into account the low number of events in this present study, we carefully conclude that GH treatment does not seem to have a deleterious effect on cardiovascular morbidity in patients previously treated for acromegaly. Due to the low number of events, we were unable to solely look at cardiovascular mortality rates in this study which would have been desirable. A previous study from the Dutch National Registry of GH Treatment in Adults investigated all-cause mortality in GHD patients treated with GH and reported no increased SMR for patients with previous GH-and ACTH-secreting (SMR 1.10, 95% CI 0.55-2.20) or NFPAs (SMR 0.90, 95% CI 0.66-1.25) (23). Taking GH-and ACTHsecreting adenomas together in these analyses could lead to an overestimation of the mortality ratio in acromegaly. Therefore, one might conclude that all-cause mortality was not increased in these patients. The KIMS Study Group has also investigated all-cause mortality in different etiologies of GHD and found an SMR of 1.46 (95% CI 0.85-2.34) in 239 patients with previous acromegaly (38) . With only one patient with a CVD as cause of death in our study population with previous acromegaly, cardiovascular mortality does not seem to be elevated. However, sample size is still limited. Next to that, one should not overlook the fact that patients in observational studies were selected by their attending physician to receive GH and potential selection bias should be considered when interpreting these results.
This is the fourth study on the effect of GH treatment in patients previously treated for acromegaly compared with previous NFPA (17, 20, 28) . Despite the observational nature of our study, we describe a larger population with a long follow-up period, and due to a sophisticated method
Clinical Study C C van Bunderen and others GH treatment after previous acromegaly 171: 6 of longitudinal data-analysis, able to deal properly with missing data, loss of power was averted. In our study, through (bi-)annual monitoring of patient's medical records by trained monitors, thorough registration of adverse events and medication use during follow-up was ensured. This made it possible to account for the use of cardioprotective medication, which is often overlooked in other reports, and to study (cardiovascular) morbidity. However, few limitations have to be addressed. Despite the homogeneous nature of the studied etiologies of GHD, there are clinical characteristics that might have influenced the presented results. For instance, the higher prevalence of multiple pituitary hormone deficiencies in patients with previous NFPA compared with acromegaly might result in an underestimation of the metabolic differences at baseline between the groups. However, we believe that during follow-up the influence of this characteristic is limited (39) . Another issue is the diversity of incorporated laboratory methodologies used, which could influence betweengroup and within-individual analyses. Also, the collection of blood samples for triglycerides in a fasting state could not be verified in all cases. However, the distribution of these influencing factors are probably at random, so the overall effects of these issues on the described results, at least for between-group analyses, will be small. In conclusion, this study demonstrates that patients with GHD after treatment for acromegaly have an unfavorable metabolic profile, and benefit from GH treatment with respect to lipid profile, similar to patients with previous NFPA. Changes in glucose metabolism should be monitored closely during treatment. GH treatment for GHD in patients previously treated for acromegaly demonstrated no deleterious effect on cardiovascular morbidity.
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